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Some general guidelines that are applicable to grit-type boundary-
layer-transition trips located near the leading edges of model components
are presented. Conditions that permit transition to be fixed at the rough-
ness at subsonic and supersonic speeds without a resultant grit drag are
reviewed. In certain cases in which grit drag is unavoidable, two methods -
the choice of which depends upon the characteristics of the wind tunnel
used - for correcting for such drag are discussed. At hypersonic speeds,
the problem of fixing boundary-layer transition withoutdistorting the
turbulent-boundary-layer velocity profile has not been solved.
INTRODUCTION
Accurate determination of the low-llft drag characteristics of full-
scale aircraft from small-scale wind-tunnel tests usually requires that
boundary-layer transition from laminar to turbulent flow be artificially
fixed near the leading edges of the various model components. An extrap-
olation to the full-scale Reynolds number can then be made for aircraft
protuberances and surface irregularities that are not simulated on the
model. The use of three-dimenslonal or grit-type roughness as a boundary-
layer-transitlon trip has met with the most success and is the subject of
this paper. The appendix presents some recent information on the use of
triangular particles cut from adhesive tape as a trip.
SYMBOLS
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CD,min
drag coefficient
minimum drag coefficient
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CD,o
CL
k
M
R/ft
Rk
Rk, cr
Rx
Rx,min
U
uk
V_
x
5
vk
V_
zero-lift drag coefficient
lift coefficient
roughness height
free-streamMach number
unit Reynolds number (Reynolds number per foot based on free-stream
velocity and kinematic viscosity), V_/v_
roughness Reynolds number based on roughness height and velocity
and kinematic viscosity at top of roughness, Ukk/V k
value of Rk for initiation of artificial transition
Reynolds number based on free-stream conditions and distance of
roughness from leading edge, V_x/v_
minimum value of Rx below which an increase in roughness height
is required to initiate artificial transition
local streamwise component of velocity inside boundary layer
local streamwise component of velocity inside boundary layer at
top of roughness particle
free-streamvelocity
distance of roughness from leading edge
total thickness of boundary layer
coefficient Of kinematic viscosity at top of roughness particle
free-streamkinematic viscosity
DISCUSSION
No single trip configuration is effective or, in fact, desirable, regard-
less of tunnel test conditions or model configuration. A single set of speci-
fications for a trip design, therefore, cannot be designated. However, some
general guidelines that are applicable to all gritktype trips are
(i) The roughness bands should be narrow. Wide bands are unnec-
essary, and they create drag if carried to extremes.
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(2) The roughness should be sparsely distributed. It is undesir-
able to pack the roughness densely because a densely packed band will
act as a two-dimensional trip. Two-dimensional trips are unsatisfac-
tory because reasonable heights do not fix transition at the trip
location.
(3) Care should be taken not to build up layers of adhesive
which can form spanwise ridges at the edge of the trip. These ridges
also tend to make the trip act as a two-dimensional step.
With these general guidelines in mind, a choice of particle size and loca-
tion must be made. The proper choice is not an obvious one. Several factors
are involved that require careful consideration. The primary factor involved
in the artificial fixing of transition is Mach number, and subsonic speeds will
be considered first. Before proceeding with the discussion, however, the
boundary-layer parameters to be used are defined with the aid of figure 1.
Shown, to an exaggerated scale, is the total boundary-layer thickness as the
boundary layer grows along a surface. A roughness particle is shown located
a distance x from the surface leading edge. The height of the particle is
designated as k. Also shown is a sketch of the boundary-layer velocity pro-
file at the roughness location. A roughness Reynolds number is formed based
on the roughness height k and the local flow conditions at the top of the
roughness - that is, the velocity at the top of the roughness uk and the kin©
ematlc viscosity at the top of the roughness vk. For roughness Reynolds num_
bers less than a certain value, the roughness has no effect on the location of
the natural transition. When the roughness Reynolds number reaches a critical
value, designated by the subscript cr, transition moves forward of its nat-
ural location. At subsonic speeds, transition moves very close to the rough-
ness when the critical value is attained. Many experimental investigations
have determined that the value of the critical Reynolds number is approximately
600 at subsonic speeds (for a ratio of particle height to width of 1). (See
ref. lor 2.) With this value of roughness Reynolds number as a criterion, the
minimum roughness height required to initiate artificial transition can be cal-
culated for the given test conditions and for a selected distance of the rough-
ness from the leading edge. A Reynolds number based on this distance x and
the free-stream flow conditions has been designated as Rx.
Subsonic Considerations
Figures 2 and 3 present examples of subsonic drag data plotted against
roughness height. In figure 2 are results for a rather large range of rough-
ness height on a variable-sweep fighter configuration; whereas, in figure _ are
results for a more limited range of roughness height on fighter and transport
configurations. The values of roughness height k for a roughness Reynolds
number of 600 are indicated by the vertical tick for each test. For all the
configurations presented, an increase in roughness height by a factor of 2 over
that indicated by Rk = 600 can be tolerated with very little or no drag
increase. The drag coefficients measured in this range of roughness height
varied within only ±l_ counts, that is, _+0.00015. Therefore, choice of a
21
roughness grit somewhatlarger than that indicated for Rk = 600 will enable
drag measurementsto be madeat subsonic speeds without the need for any cor-
rections due to roughness drag. Use of a nominal grit size one slze larger
than that determined for Rk -- 600 is recommendedto insure a margin of con-
servatism for transition. This recommendationwould appear to be a good one
because the average height of roughness in three-dimensional grit has been
found to be somewhatsmaller than the nominal height. The results of careful
measurementsof the particles in representative carborundum-grit trips are pre-
sented in figures 4 and _.
The shape of the curve of drag coefficient plotted against roughness height
(fig. 2) is a function of particle frontal area and average dynamic pressure
uv_- _n_ p_z-o±c±_. For .............. is so-,-,-,ewi_at ......... uuux_aar_-
_acn pa_'b_c_ _na_ n_n_r _nan une
layer thickness, indicated in figure 2 by the arrow, the drag is about propor-
tional to only the particle frontal area, because the average dynamic pressure
over the particle height is approximately constant. As the particle height is
changed for each particle immersed in the boundary layer, however, the average
dynamic pressure over the particle height changes with a change in height. The
drag varies in this region, therefore, with the change in average dynamic pres-
sure as well as with the frontal area. The exact shape of the drag-coefficient
curve for carborundum-type grit, then, can be different for different trips
because of the variation of particle sizes present in the grit and because of
a variation in boundary-layer thickness across the span when the grit location
from the leading edge is not constant.
The important point to be reiterated is that for all the examples of sub-
sonic data s_own, the drag varlationwith roughness height approaches a plateau
region for nominal grit sizes smaller than the boundary-layer thickness but
larger than the value determined for Rk = 600. This desirable plateau region
occurs only when another important criterion is satisfied. This criterion will
be indicated in the following discussion.
Figure 6, which repeats the curve from figure 2 for the variable-sweep con-
figuration that was obtained at a tunnel unit Reynolds number of _-9 × 106,
shows the effect of decreasing unit Reynolds number. When the unit Reynolds
number was reduced from _-9 × lO 6 to 3.0 X l06, transition was still fixed at
the roughness height equivalent to a roughness Reynolds number of 600, and a
plateau region was once again obtained. When the unit Reynolds number was fur-
ther reduced to 1 × l06, it appears that a value of Rx of 600 was not suffi-
cient to fix transition at the roughness. The increase in height required to
fix transition prevented the attainment of a plateau region - that is, there
was always a large variation of drag coefficient with roughness height. It
appears possible to correlate the conditions at which a value of Rk greater
than 600 is required to fix transition at the roughness on the basis of Rx,
the previously mentioned length Reynolds number based on the distance from the
leading edge to the roughness location. Values of Rx based on the distance
to the trip at the mean-aerodynamic-chord location are presented in figure 6
for the three unit Reynolds numbers. The effect of Rx on the critical
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roughness Reynolds number Rk,cr is shown by figure 7. The shaded band repre-
sents dozens of data points. The value of Rk, cr is constant at about 600,
except at the low values of the length Reynolds number Rx. At the low values
of Rx - resulting from either a decrease in tunnel unit Reynolds number _r a
decrease in distance - the critical roughness Reynolds number increases; there-
fore, the roughness height required to induce transition increases. These
larger heights will cause roughness drag large enough to eliminate the plateau
region, as previously indicated for the low Reynolds number curve in figure 6.
For subsonic tests, it is usually possible to locate the roughness at a length
Reynolds number of at least 0.1 × l06, while maintaining a location far enough
forward to have essentially full-chord turbulent flow. It can be seen that
O.1 × 106 is about the value at which Rk,cr departs from the constant value
of 600. The previous data showing the plateau region for the fighter and trans-
port configurations (figs. 2 and 3) were obtained for values of Rx greater
than 0.1 × l06.
Supersonic Considerations
At supersonic Mach number, selection of grit height and location becomes
more complicated. Firstly, as indicated in figure 8, an increase in Mach num_
ber increases the value, of Rx,min, which is defined as the value of Rx belo_
which Rk, cr increases. (See fig. 7-) For combinations of roughness location
and tunnel unit Reynolds number resulting in values of Rx smaller than these
minimum values, it becomes increasingly difficult to induce transition. Sec-
ondly, for values of Rx greater than Rx,mln, the value of roughness Reynolds
number at which transition starts to move forward of its natural position
Rk, cr also increases with increaslngMach number greater than about 3.6. This,
too, results in an increase in required roughness height at the higher Mach
numbers. Thirdly, as Mach number increases, the roughness Reynolds number must
be increased to a value greater than the critical value in order to move tran-
sition forward to the vicinity of the roughness, as indicated by the upper curve
in the right-hand plot of figure 8. The increase in Rk to a value greater
than the critical value is not required at the lower Mach numbers where Rk, cr
is sufficient to induce transition in the vicinity of the roughness. Parts of
these curves are shown dashed because very few data are available to establish
the values quantitatively. The limited data that are available up to Mach 6,
however, do indicate the trends plotted.
It is apparent from figure 8 that at hypersonic speeds, fixing transition
on wind-tunnel models becomes increasingly difficult. In fact, roughness height
several times larger than the boundary-layer thickness was required to fixtran-
sition at a trip at a Mach number of 6. Severe, undesirable distortions of the
boundary-layer velocity profile accompany such large roughness. Discussion of
the significance of the transition-fixing difficulty with regard to hypersonic
wind-tunnel testing is included in paper no. 35 by David E. Fetterman et al.
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JFurther discussion herein of supersonic data will be restricted to Mach
numbers up to 3 - the range of interest for the supersonic transport. It has
already been indicated that at Mach numbers up to 3, a roughness height equiv-
alent to a value of Rk of about 600 will fix transition very near the rough-
ness so long as the value of Rx at the roughness is greater than the minimum
value indicated in figure 8. It is not always possible or practical, however,
to locate roughness far enough rearward dimensionally or to operate at a unit
Reynolds number high enough to obtain a value of Rx at least that large. In
other words, in some supersonic wind tunnels, the maximum tunnel unit Reynolds
number or the model scale is not large enough to produce these minimum values
of Rx for roughness located as near the leading edge as desired. In tunnels
all tests at the maximum unit Reynolds number condition because of considera-
tions such as angle-of-attack restrictions due to balance limitations at the
higher dynamic pressures. For supersonic tests, therefore, a need usually
exists for the use of roughness configurations that cause grit drag. A correc-
tion for this grit drag must, of course, be determined. Two methods are being
used, the choice of which depends upon the characteristics of the wind tunnel
used.
Figure 9 illustrates a technique that can be used for determining the grit
drag in wind tunnels having a variable Reynolds number capability. The tech-
nique is limited, however, to those wind tunnels with a sufficiently high unit
Reynolds number and free-stream turbulence level to produce essentially all-
turbulent flow on the model surfaces at the highest unit Reynolds number without
artificial trips. The data shown in the figure were taken at a Mach number of
2.75 with a delta-wing--body model. Shown on the left-hand side of the figure
is a log-scale plot of the zero-lift drag coefficient as a function of the free-
stream unit Reynolds number. The circular symbols represent free transition and
the square symbols represent measurements with transition trips located near the
model leading edges. The roughness particles were sized to produce transition
at the trip at the test Reynolds number per foot of 3 X 106_ which is the high-
est unit Reynolds number at which complete lift-drag polars could be taken
without exceeding the model balance limits. A comparison with turbulent theory
and observation of sublimation material placed on the model surfaces during the
tests indicate that the model without trips had essentially all-turbulent flow
at unit Reynolds number of about 6 × lO 6 and greater. By extrapolating along
the theoretical turbulent curve for a smooth flat plate back to the test
Reynolds number per foot of 3 × lO 6, the grit drag is obtained as th? difference
between the extrapolated smooth value and the drag measured with the grit. The
increment in drag coefficient due to the grit was 0.0005 in this test. On the
right-hand side of figure 9, the square symbols represent the measured variation
of drag coefficient with lift coefficient for the model with fixed transition at
the Reynolds number per foot of 3 × 106. The solid line is the corrected polar
which has been adjusted for the grit-drag increment.
Figure l0 illustrates a technique that can be used for grit-drag determi-
nation in wind tunnels which do not have a variable Reynolds number capability
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or which cannot achieve a sufficiently hlgh Reynolds number to produce all-
turbulent flow on the model surfaces without artificial trips. The data shown
in this figure were taken with the same delta-wlng model as in the previous fig-
ure, at the same Mach number of 2.75, and at a unit Reynolds number of 3 × l06.
On the left-hand side of the figure Is a plot of the variation of the drag
coefficient with lift coefficient for the model with artificial trips of dif-
ferent roughness heights. Each of the particle sizes shown was sufficiently
large to produce transition at the trip. In order to determine the all-
turbulent drag of the model without trips, the data are cross-plotted in the
rlght-hand plot of the figure as a function of the particle slze squared at
various values of lift coefficient. The parameter k2 is used rather than k
because, for these roughness heights which are all greater than the boundary-
layer thickness, the drag is about proportional to a characteristic area as
discussed previously. The arrow indicates the roughness height equal to the
boundary-layer thickness at zero lift. The all-turbulent drag of the smooth
model Is obtained by extrapolating linearly to zero roughness height. The cor-
rected all-turbulent drag polar for the model is sho_-n as the solid line in
the left-hand plot of the figure.
Figure ii shows a comparison of the corrected drag polar for the model as
determined by the two technigues. The circular symbols represent the corrected
drag polar as determined by the variable Reynolds number technique and the
square symbols represent the corrected drag polar as determined by the variable
roughness height technique. As can be seen in the figure, the agreement in
this case is excellent.
Determination of the correct slope of CD plotted against k2 in the
variable roughness size method, however, is not as simple as the curves of flg-
ure lO may indicate. This fact is explained by figure 12 in which the zero-
llft drag-coefflcient curve is repeated as the solid llne but additional points
of larger and smaller roughness heights are included. If the two larger par-
ticles are considered in the fairing, as indicated by the dashed llne, the
lower resultant slope of CD, o plotted against k2 results in a significant
change in the grlt-drag correction. These larger particles are over three times
as hlgh as the boundary-layer thickness, and other experiments have indicated
that particles of such magnitude can either decrease or increase the local skin
friction behind the roughness because of distortions In the boundary-layer
velocity profiles. Roughness too much larger than the boundary-layer thickness,
therefore, should be avoided, but it is not clear at present how large a rough-
ness can be tolerated. Additional work is underway to define better the height
limitations. For the smallest roughness height investigated and for natural
transition, vlsual-observatlon techniques of the boundary-layer condition can
be used to determine the amount of laminar flow present. With calculations of
the drag decrement associated with the laminar flow, additional points may be
provided to help determine the slope of the curve. It Is clear that in applying
the variable roughness size method for evaluating the roughness drag, extreme
care is required in determining the boundary-layer conditions through the range
of roughness height so that an educated Judgment can be used in fairing the
slope of CD plotted against k2.
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General Considerations
The discussion of the use of transition trips on,rind-tunnel models has
been restricted in this paper to the problem of determining full-scale low-lift
drag characteristics. So long as the flow over the surfaces of wlnd-tunnel
models remains attached, the other force and moment coefficients measured at
small scale will, for all practical purposes, be equal to the full-scale char-
acteristics. If, however, regions of flow separation exist at test conditions,
the characteristics may be affected by the differences between the test and
full-scale Reynolds numbers. Some aspects of the flow-separation problem are
discussed in paper no. 3 by Donald L. Loving and in paper no. 23 by William P.
Henderson.
A final point to be made concerns the previously mentioned variation of
particle height present in a trip composed of distributed grit. Although this
is not a serious problem, further sieving of the grit before applicatlonwould
certainly be helpful. Also, the use of other types of three-dimenslonal rough-
ness rather than grit in an attempt to provide unlformand more easily control-
lable trips has been under investigation for some time. Although all pertinent
problems have not yet been completely resolved, recent results for one of these
types appear encouraging and some of the information on this roughness is
included in the appendix.
j_
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CONCLUDING_
It is possible to fix boundary-layer transition far forward on wind-tunnel
models at subsonic speeds with grit-type transition trips having little or no
grit drag. This is possible also at supersonic speeds, but only if a suffi-
cientlyhigh test Reynolds number is attainable. Testing expediency or tunnel
characteristics, however, usually dictate the use of trips, at supersonic
speeds, that produce grit drag. Two methods of correcting for this grit drag,
depending upon the tunnel characteristics, are currently being used. At hyper-
sonic speeds, the problem of fixing boundary-layer transition near the leading
edges of the model components without distorting the turbulent-boundary-layer
velocity profile has not been solved.
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TRIANGULAR PARTICLES OF ADHESIVE TAPE FOR BOUNDARY-LAYER TRANSITION
x
Two practical difficulties encountered in the use of carborundum roughness
particles are the lack of uniformity of the particle pattern (caused by large
variations in size and shape of the individual particles) and the length of
time required for application. These problems are accentuated when it is nec-
essary to repeat the application of the roughness bands several times as is
done in one of the currently used techniques for assessing the particle-drag
penalty.
A type of three-dimensional roughness which offers promise of eliminating
these difficulties consists of triangular particles cut from adhesive tape.
The size and shape of these particles can be accurately controlled and no addi-
tional bonding agent is required to affix the particles to the model surface,
with a resultant savings in time for application. Triangular particles of this
type have been tested at the University of Maryland in a water tunnel (refs. 3
and 4) and at the Ames Research Center in air. In both studies, the triangular
roughness particle was shown to be more effective in promoting artificial tran-
sltlon than spherical roughness particles of the same height.
Results obtained from tests at supersonic" speeds atAmes are shown in flg_
ure 15. The ratio of minimum spherical trip Reynolds number to minimum trian-
gular trip Reynolds number for transition near the roughness is plotted against
Mach number for station Reynolds numbers from 0.025 X l06 to 0.6 X l06 and for
particles with height greater than the boundary-layer thickness. These results
show that for the conditions of figure 13, the particle height required to fix
transition near the roughness is less for triangular trips than for spherical
trips. At the top of figure 13 is a sketch showing the dimensions and orienta-
tion with respect to the free stream of the triangular trips used in the Ames
tests. Triangles with apex angles ranging from 45 ° to 135 ° were found to pro-
duce only small variations in the transltion-promoting effectiveness in the
studies of reference 4. However, it has been found in both the Ames and the
University of Maryland studies that a reduction in effectiveness will be real-
ized if the apex of the triangle does not point into the flow.
Although the use of triangular roughness appears encouraging, further
investigation is required in the following problem areas:
(1) The amount of distortion of the boundary layer caused by the trian-
gular trips as compared with the spherical trips
(2) The drag penalty of the triangular trips compared with the spherical
trips
(3) The effect of wingleadlng-edge sweep on the transition-promoting
effectiveness of the triangular trips
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(4) The effect of pressure gradient on the transition-promoting effec-
tiveness of the triangular trips
(5) The effectiveness of triangular trips with heights less than the
boundary-layer thickness
L
28
REFERENCES
i. Braslow, Albert L. : Review of the Effect of Distributed Surface Roughness
on Boundary-Layer Transition. AGARD Rept. 294, Apr. 1960.
2. Yon Doenhoff, Albert E.; and Braslow, Albert L.: The Effect of Distributed
Surface Roughness on Laminar Flow. Boundary Layer and Flow Control,
Vol. 2, G. V. Lachmann, ed., Pergamon Press, 1961, pp. 697-681.
3. Hama, Francis R.: An Efficient Tripping Device. J. Aeron. Sci. (Readers'
Forum), vol. 24, no. 3, Mar. 1997, PP. 256-237.
4. Hegarty# John C.; and Hama, Francis R.: Further Investigations on the
Triangular-Patch Stimulator. Tech. Note EN-107 (AFOSRTN-97-616, ASTIA
AD 156 609), Inst. Fluid Dyn. Appl. Math., Univ. of Maryland, June 1997.
29
DEFINITION OF BOUNDARY-LAYER PARAMETERS
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